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Abstrat
Water and ie Cherenkov telesopes of the present and future aim for the detetion of
a neutrino signal from extraterrestrial soures at energies Eν >PeV [Woshnagg and
AMANDA Collaboration (2004); Montaruli (2003); IeCube Collaboration (2004)℄.
Some of the most promising extragalati soures are Ative Galati Nulei (AGN).
In this paper, the neutrino ux from two kinds of AGN soures will be estimated
assuming p γ interations in the jets of the AGN. The rst analyzed sample ontains
FR-II radio galaxies while the seond AGN type examined are blazars. The result
is highly dependent on the proton's index of the energy spetrum. To normalize
the spetrum, the onnetion between neutrino and disk luminosity will be used
by applying the jet-disk symbiosis model from Falke and Biermann (1995). The
maximum proton energy and thus, also the maximum neutrino energy of the soure
is onneted to its disk luminosity, whih was shown by Lovelae (1976) and was
onrmed by Falke et al. (1995).
Key words: Neutrinos, FR-II, blazars, jet-disk symbiosis, AMANDA, I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1 Introdution
Large volume neutrino telesopes like AMANDA, Antares and IeCube [Woshnagg and AMANDA Collaboration
(2004); Montaruli (2003); IeCube Collaboration (2004)℄ are being built to de-
tet the neutrino ux from extraterrestrial soures. For a diuse analysis, the
∗
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detetion of suh a signal is possible at energies at whih the extragalati neu-
trino ux ontribution exeeds the number of atmospheri neutrinos. Ative
Galati Nulei (AGN) are believed to make up a large fration of the extra-
galati neutrino ux. While previous models - see e.g. [Learned and Mannheim
(2000)℄ for a review - used the Cosmi Ray ux or a ertain part of the photon
spetrum to estimate the neutrino ux from AGN, the model presented in
this paper uses the jet-disk symbiosis model by Falke and Biermann (1995)
and allows for the dependene of the maximum partile energy on the soure
properties. This is the key point of our analysis.
The total neutrino spetrum at Earth is given as
Φ(E0ν) =
∫
z
∫
L
dz dL
dN
dEν
(E0ν , L, z) ·
dn
dL
(L, z) ·
dV
dz
·
1
4πdL(z)2
. (1)
The parameters in the alulation are the integral radio luminosity L and the
redshift z. The energy of the neutrinos at the soure Eν is redshifted due to
adiabati energy losses on the partiles' way toward Earth, Eν = (1 + z) ·E
0
ν ,
where E0ν is the neutrinos' energy at Earth. dN/dEν is the single soure spe-
trum of an AGN, while dn/dL is the radio luminosity funtion (RLF) per
omoving volume dV/dz and luminosity interval. To obtain the total number
of AGN per redshift interval, the RLF has to be weighted by the omoving
volume and divided by a fator of 4 π d2L with dL as the luminosity distane to
reeive the neutrino ux at Earth. Finally, the result has to be integrated over
all possible redshifts and luminosities, where the integration limits depend on
the soure sample as disussed in setion 4.
The neutrino ux will be alulated for two dierent soure samples, one in-
luding FR-II soures with strong extended radio emission (in the following
referred to as steep spetrum soures) and the seond one at spetrum
blazar soures (referred to as at spetrum soures throughout the paper).
It will be assumed that neutrinos are produed by pions resulting from a ∆-
resonane of the initial p γ interation. In this senario, the neutrino spetrum
follows the proton spetrum. Multipion events (see e.g. [Müke et al. (1999)℄)
will not be inluded in this alulation, sine the hanges of the spetrum
due to these events would lie within the estimated unertainty of the alu-
lation due to unertainties in the jet-disk symbiosis model and the soures'
Radio Luminosity Funtions (RLFs), see setion 5.2. For the steep spetrum
soures, the spetral index of the proton spetrum will be alulated from the
synhrotron emission of the eletrons. This is possible sine the proton and
eletron spetra resulting from shok aeleration are equivalent. This method
annot be used for the at spetrum soure sample, sine the radio emission
of the jet is spatially unresolved and therefore, the observed spetrum is a
superposition of the dierent radio spetra. In this ase, the spetrum will
be a superposition of the spetra of all knots, eah with a partile index of
2
p ≃ 2, following the derivation of the index in diuse shok aeleration, see
e.g. [Protheroe (1998)℄. The maximum energy of the protons in the jets will
be assumed to be luminosity dependent as is suggested in [Lovelae (1976)℄.
To normalize the generi AGN energy spetrum, the jet-disk symbiosis model
given in [Falke et al. (1995)℄ will be applied to onnet the neutrino luminos-
ity with the disk luminosity and therefore, also with the radio luminosity of the
jets. Throughout this paper, an Einstein-de Sitter Universe (Ωm = 1, ΩΛ = 0)
with h = 0.5 is assumed, sine the used RLFs are not available in the on-
ordane model (Ωm ≈ 0.3, ΩΛ ≈ 0.7) whih has been onrmed by reent
measurements [Spergel et al. (2003)℄. However, the result should be indepen-
dent of the osmology used as it has been pointed out in [Dunlop and Peaok
(1990)℄.
The paper is organized as follows: In setion 2, the two AGN samples will be
disussed. They will be used to determine the AGN radio luminosity funtion
(RLF). In ase of the steep spetrum soures, the spetral indies between 2.7
and 5 GHz are used to evaluate the index of the primary partile spetrum.
Setion 3 gives an expliit desription of the normalization of the single soure
spetrum to the disk luminosity of the objets. In setion 4, the integration
limits for the redshift and luminosity distribution are disussed. Finally, the
dierent models for both types of AGN soures are applied to alulate the
AGN neutrino ux. It will be shown that the result strongly depends on the
index of the partile spetrum.
2 The samples
The rst sample onsists of 356 steep spetrum soures, seleted by Willott et al.
(2001). The soures are sampled from the 7CRS [MGilhrist and Riley (1990);
Lay et al. (1999)℄, 6CE [Rawlings et al. (2001)℄ and 3CRR [Laing et al. (1983)℄
atalogs with ux measurements at 178 MHz. The seond sample omprises
171 at spetrum soures from Dunlop and Peaok (1990). They are seleted
from the Parkes seleted regions sample, the Parkes ±4◦ zone [Peaok (1985);
Wright et al. (1982)℄, the 'Northern-Sky' survey of Peaok and Wall (1981)
and the 'All-Sky' survey of Wall and Peaok (1985).
2.1 The spetral and partile index of the soures
As disussed in detail in, e.g., [Rybiki and Lightman (1979)℄, the index p of
the proton spetrum is orrelated to the index α of synhrotron radiation by
p = 2α + 1.
3
2.1.1 Steep spetrum soures
123 of the total 356 soures are identied in the S1-S5 atalogs [Pauliny-Toth et al.
(1972); Pauliny-Toth and Kellermann (1972); Pauliny-Toth et al. (1978); Kühr et al.
(1981)℄ whih give the spetral index of the soures at 2.7−5 GHz. To estimate
the steep spetrum index αs at 2.7 − 5 GHz, the maximum in a distribution
of the soure ounts versus αs is determined applying a Gauÿ t (see Fig. 1).
The maximum is found to be at αs = 0.8 with a peak width of σs = 0.2. In
alulations of the AGN evolution funtions by Willott et al., a spetral index
of αs = 0.8 is assumed [Willott et al. (2001)℄. The spot hek of the soures
supports this assumption. Hene, the index of α = 0.8 is adopted. This result
is supported by Gregorini et al. (1984) who analyze the spetral index of radio
galaxies in the range of 2.7 to 5 GHz resulting in an average index of around
0.8 for steep spetra. Consequently the partile index is ps = 2 · αs + 1 = 2.6.
Here, it is assumed that the stationary partile spetrum is equal to the par-
tile injetion spetrum, whih is based on the assumption that partiles from
this region undergo energy sale independent losses suh as would our in a
ow. There is unfortunately no good and well-tested model available at this
time for the partile transport, onvetion versus diusion and other proesses,
so that we make this simple assumption by Oam's razor. To demonstrate
the inuene of the partile index on the resulting spetrum, the alulation
will also be done with dierent harder spetral indies.
0
5
10
15
20
25
30
35
-1 -0.5 0 0.5 1 1.5
Fig. 1. Histogram of the spetral indies of the steep spetrum soures. Soures
ounts are shown against the spetral index at 5 GHz. The maximum is found at
αs = 0.8. The width of the Gauÿ distribution is σs = 0.2.
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2.1.2 Flat spetrum soures
Sine the radio spetrum of blazars is spatially unresolved, the observed in-
dex of the radio spetrum annot be identied with the index of synhrotron
radiation. The partile spetrum is a superposition of the spetra of the single
knots,
dN/dEν ∝
∑
i
aiE
−p
assuming the same partile index for all soures, p ≃ 2, as suggested by diuse
shok aeleration for strong shoks, and also by the radio data of strong
jets. An index lose to p ≃ 2 is supported by the individual radio spetra as
desribed in, e.g., [Bridle and Perley (1984)℄ for strong soures.
2.2 Radio Luminosity Funtions
2.2.1 Steep spetrum soures
The AGN RLF depends on the luminosity and on the redshift. To nd the
proper relation empirially, a fatorizing separation of the density in a lumi-
nosity dependent funtion and a redshift dependent distribution is assumed
by Willott et al. (2001). The model inludes the steep spetrum soures as
they are explained above. The AGN RLF is given at a frequeny of 0.151 GHz
depending on the dierential luminosity L0.151. The RLF was assumed to on-
sist of two separate distributions, a low luminosity funtion inluding objets
without or with only weak emission lines and a high luminosity funtion with
objets with strong emission lines. The density ρ(L0.151, z) is given as the prod-
ut of a pure luminosity funtion ρl(L0.151) in units of 1/(Gp
3∆ logL0.151) and
the dimensionless evolution funtion f(z):
ρ(L0.151, z) = ρ(L0.151) · f(z) .
Two AGN populations ontribute to the RLF:
Low luminosity soures only show weak or no emission lines. These soures
are FR-I and weak emission line FR-II galaxies. Above a luminosity L0.151 ≈
1025.5 W/(Hz sr), the soures an almost exlusively be assumed to be FR-II
galaxies. For the low luminosity funtion, ρl(L), an ansatz of
ρl(L0.151) = ρ
0
l
(
L0.151
L∗l
)−αl
· exp
[
−
L0.151
L∗l
]
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is made. This analyti ansatz is known as the Shehter funtion in literature
[Shehter (1976)℄. αl is the power law shape, ρ
0
l is the normalization onstant
and L∗l is the break luminosity. The evolution funtion of the low luminosity
population is taken to be
fl(z) =


(1 + z)kl for z ≤ z0l
(1 + z0l )
kl
for z > z0l .
The redshift evolution of the soures is known up to ∼ z0l . At higher red-
shifts, it is assumed to be onstant sine there are experimental indiations
[Miyaji et al. (2000)℄ of a onstant or slightly dereasing distribution at red-
shifts up to z ∼ 6. The values of ve free parameters used in the funtions
are listed in table 1. The omplete (luminosity and redshift dependent) RLF
is shown in Fig. 2.
The high luminosity population onsists of FR-II galaxies with strong emis-
sion lines. The form of the high luminosity funtion, ρh(L0.151), is similar to
the one for the low luminosity population. Here, however, the exponential
funtion applies at low luminosities while the power law dominates at higher
luminosities:
ρh(L0.151) = ρ
0
h
(
L0.151
L∗h
)−αh
· exp
[
−
L∗h
L0.151
]
.
The evolution funtion of the high luminosity population is assumed to be
an exponential funtion up to a ertain redshift z0h and then ontinuing as a
onstant:
fh(z) =


exp
[
−1
2
(
z−z0
h
z1
h
)2]
for z ≤ z0h
1 for z > z0h .
A omparison to X-ray data [Miyaji et al. (2000)℄ justies an exponentially
inreasing evolution.
The luminosity, whih is here given at 0.151 GHz, is used in the integral form
for further alulations. Thus the luminosity L0.151 is onverted to the integral
radio luminosity in units of 1042 erg/s, L42, by assuming a spetral index of
α = 0.8. Furthermore, the RLF is given in units of Gp−3 (∆ log(L))−1. In
following alulations, the RLF will be given per luminosity interval dL42.
6
ρ0l αl L
∗
l z
0
l kl ρ
0
h αh L
∗
h z
0
h z
1
h
101.850 0.542 1026.14 0.646 4.10 10−6.260 2.31 1026.98 1.81 0.523
Table 1
Parameters used in the alulation of the AGN RLF for steep spetrum soures
[Willott et al. (2001)℄. ρ0l and ρ
0
h are given in units Gp
−3∆(logL). L∗h and L
∗
l are
given in W/(Hz sr).
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Fig. 2. Steep spetrum RLF aording
to Willott et al. (2001) versus luminos-
ity for z = 0, 1, 2.
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Fig. 3. RLF for at spetrum soures in
a pure luminosity evolution model a-
ording to Dunlop and Peaok (1990).
Four dierent redshift values are used,
z = 0, 2, 3, 4.
2.2.2 Flat spetrum soures
171 at soures from four atalogs at 2.7 GHz are used by Dunlop and Peaok
(1990) to determine the RLF of at spetrum blazars as desribed above. The
ansatz for the at spetrum RLF is a pure luminosity evolution funtion of
the form
ρ(L, z) = ρ0 ·


(
L
Lc(z)
)α
+
(
L
Lc(z)
)β

−1
.
The funtion is labeled pure luminosity evolution sine only the break lumi-
nosity Lc evolves with the redshift. Here, α and β are the power law slopes,
ρ0 is the normalization and Lc(z) is the break luminosity whih evolves with
redshift:
log[Lc(z)] = a0 + a1 · z + a2 · z
2 .
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The luminosity L is given in units of W/(Hz sr) at a frequeny of 2.7 GHz.
The RLF is shown in Fig. 3 with the set of parameters as given in table 2.
For further alulations, the luminosity at 2.7 GHz is onverted to an integral
luminosity by assuming a at spetrum with αf = 0. The RLF is given in
units of Gp
−3 · (∆ logL)−1, and thus the dierential RLF is
dn
dL
(L, z) =
ρ0
ln(10) · L
·


(
L
Lc(z)
)α
+
(
L
Lc(z)
)β

−1
. (2)
ρ0 α β a0 a1 a2
100.85 Gp−3 0.83 1.96 24.89 1.18 −0.28
Table 2
Parameters for the at spetrum RLF [Peaok (1985)℄.
3 The single soure spetrum
The generi AGN neutrino ux is adopted to follow the proton spetrum from
the ∆-deay. This an be desribed as a power law with an index p having
an exponential uto. This uto depends on the partile's maximum energy.
Also, the power of the spetrum hanges by −2 when synhrotron losses of
pions start to dominate at energies of Ebreakν ≈ E
max
ν /6.7. The break energy
is determined by the ratio of the pion's to the protons mass, mpi/mp = 1/6.7,
sine the maximum energy due to synhrotron losses of a harged partile is
proportional to the partiles mass [Biermann and Strittmatter (1987)℄. The
spetrum is then given as
dN
dEν
=


φν (Ldisk) · E
−p
ν exp
(
− Eν
Emaxν
)
for Eν < E
break
ν
φν (Ldisk) · E
−p
ν
(
Eν/E
break
ν
)−2
exp
(
− Eν
Emaxν
)
for Eν ≥ E
break
ν
.(3)
The power law behavior is due to diuse shok aeleration of the protons in
the jet's shok fronts. The spetrum is limited by the strength of the magneti
eld of the soure due to the spatial limit of the Larmor motion [Hillas (1984)℄.
This determines the maximum energy of the aelerated protons, there is an
exponential uto in the spetrum. The magneti eld is onneted to the disk
luminosity of the AGN and subsequently the maximum proton energy an be
expressed in terms of the disk luminosity, see [Lovelae (1976)℄:
Emaxp ∝
√
Ldisk
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as it has been onrmed by the jet-disk symbiosis model, see [Falke and Biermann
(1995)℄. At high luminosities of Ldisk > 10
46
erg/s Biermann (2001), a satura-
tion of the proton maximum energy is expeted due to photo-pion prodution
in the disk radiation eld. This eet will be disussed in setion 4.
The normalization of the generi neutrino spetrum, φ0, an be found by
assuming that partiles from an AGN produe the same order of magnitude
of luminosity as the jet power, Qjet, and neutrinos ontribute with a fration
qν < 1 [Falke et al. (1995)℄. The observations are best tted by this onept
and this number onstraint. It is assumed that the power of the neutrinos is
diretly onneted to the power of the jet. This in turn is a fration q ≥ 1/3 of
the disk luminosity. Here we use the lower limit, q = 1/3, as an estimate. The
fator qν results from assuming a kinemati fator of ξkin ≈ 1/2 whih aounts
for the fat that only half of the protons are onverted into pions - about 50%
of the protons onvert into neutrons [Müke et al. (2000)℄. Additionally, a (non
thermal) eieny of ǫnth ≈ 10% is applied - 20% of the proton energy goes
into seondary mesons and 50% of these 20% go into neutrino prodution.
The optial depth of AGN soures τpγ an be desribed as the produt of the
photohadroni ross setion σpγ and the photon density nγ , and thus
τpγ ≈ 800
L46
r17
.
Here, r17 := r/10
17
m is the extension of the soure in units of 1017 m. Saling
this optial depth to the Eddington luminosity and to the Shwarzshild radius
demonstrates that the optial depth is independent of the power of the soure
at equivalent distanes from the entral engine. It also shows that large optial
depths are easily ahieved. The neutrino measurements an then be used to
set limits on the optial depths, and so on the struture of the emitting region,
as we show below. Taking into aount interations of protons in Bethe-Heitler
pair prodution, an eetive opaity for photopion prodution is redued to
τeff = τp γ · η .
η gives the redution of the optial depth due to the optial depth of the
soure taking into aount Bethe Heitler interations, τBH . In all following
alulations, τeff = 1 will be assumed. Detailed geometri models for emis-
sion from zones where the eetive optial depth is large, where it is lose to
unity, and where it is muh less than unity, need to be onsidered in a later
stage of suh alulations. This might be easier in the future one there are
good onstraints, or even exat spetra from multi-GeV to multi-TeV obser-
vations of AGN. Sine the neutrino ux is proportional to τeff , a lower limit
as an estimate of a maximal optial depth is possible when omparing urrent
neutrino ux limits to the alulated ux as it is desribed in setion 5.4.
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The fration qν is then
qν = q · τeff · ξkin · ǫnth ≈
1
60
.
Thus the neutrino luminosity from the jets is given as a fration of the disk
luminosity:
Emaxν∫
Eminν
Eν ·
dN
dEν
· dEν =
Ebreakν∫
Eminν
φν · E
−p+1
ν exp
(
−
Eν
Emaxν
)
dEν
+
Emaxν∫
Ebreakν
φν · E
−p−1
ν · E
break
ν
2
exp
(
−
Eν
Emaxν
)
dEν = qν · Ldisk .
The integral an be evaluated by developing the exponential funtion in a
Taylor series and interhanging the integral with the sum. The lower integra-
tion limit is a fration of 1/4 of the rest mass of the pion, Eminν = E
0
pi±/4 =
(139.57018± 0.00035)/4 MeV, [Partile Data Group (2004)℄. The upper inte-
gration limit is assumed to be varying with the disk luminosity, see Equ. (8).
The normalization is thus given as
xLdisk = ln
(
Emaxν
Eminν
)
+ {f(p− 2, 1/6.7, 0)
+ [f(p, 1, 0)− f(p, 6.7, 0)] /6.72
}
·Emaxν
−p+2
− f(p− 2, Emaxν /E
min
ν ,−p+ 2) · E
min
ν
−p+2
with
f(a, b, c) =
∞∑
n=0,n 6=a
(−1)n
n! · (n− a)
b−n+a+c .
The series' are evaluated numerially for eah ase.
3.1 Jet-disk symbiosis
To onvert the disk luminosity into the radio luminosity of the jets, the jet-disk
symbiosis model by Falke et al. (1995) is used.
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3.1.1 Flat spetrum soures
Assuming a power law slope of α = 0 the luminosity of the jet in units of
erg/s, Lf is given as [Falke and Biermann (1995)℄
Lf = 6.7 · 1042 erg
s
·D2.17 · sin0.17(iobs) · (x
′
e)
0.83
·
(
6
γj
)1.8
· q1.42j/1 · L
1.42−ξ
46 .
(4)
Parameters appearing in Equ. 4 are given in the parameter list below. In
using here α = 0 instead of the sum of omponents with α = 1/2 we follow
the earlier work. It is not known what the energeti partile spetrum does at
low energies in the jet. For the nal onlusion below we do use p = 2, whih
would orrespond to α = 1/2 if pure synhrotron radiation was observed.
The parameters from above are dened in the parameter list below. The or-
relation between disk luminosity and radio luminosity in units of 1042 erg/s,
Lf42, is
Ldisk = (2.1± 1.9) · 10
45(Lf42)
0.79
[
erg
s
]
. (5)
The error has been estimated by taking into aount a sattering of the data
by about a fator three around Lf42(Ldisk).
3.1.2 Steep spetrum soures
The model for extended, optially thin soures will additionally be used for
the alulation of the steep spetrum soure ux. The relation between the
dierential radio luminosity at 5 GHz of the lobes and the disk luminosity is
Plobe = 1.8 · 10
34 erg
s ·Hz
(
GHz
ν
)0.5
·
β
1/4
j · P
1/4
−12 · x
′
e,100 ·
(
qj/1L46
)3/2
γ
7/4
j,5 · u
3/4
3
. (6)
This result is based on the investigation of a quasar sample, desribed in
detail in [Falke and Biermann (1995)℄. The disk luminosity is onneted to
the integral radio luminosity, Ls, as
Ldisk = (21.6± 16.6) · 10
45 · (1 + z)−1/2(Ls42)
2/3 , (7)
assuming a spetral index of α = 0.8. Again, the error has been estimated
onsidering the sattering of the data by a fator three around the predited
result. The parameters whih our in Equ. (4) and (6) are given below.
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PARAMETER LIST
• βj : Jet veloity in units of c whih an be assumed to have a value of βj ≈ 0.986.
• γj : jet's Lorentz Boost fator, γj = 6.
• P−12: Pressure parameter. The external radiation pressure at the AGN is given
by Pext = P−12 · 10
−12
erg/m
3
. The pressure evolves with the time due to the
expansion of the Universe. The pressure parameter depends on the redshift as
P−12 = (1 + z)
3 · P 0−12, where P
0
−12 is the pressure of the Universe at z = 0. P
0
−12
is set to P 0−12 = 1.
• x′e,100: Modied eletron density. Let the ratio between the relativisti eletron
density and the total number density of protons be xe and the minimum Lorentz
fator of the relativisti eletron population divided by 100, γe,100. The modied
eletron density is then x′e,100 = γ
p−1
e,100xe. p = 2 is a parameter. x
′
e,100 ≈ 1 has
been used in all following alulations [Falke and Biermann (1995)℄.
• qj/1: Total jet power Qjet in units of the disk luminosity, with a given value of
qj/1 = Qjet/Ldisk = 0.15
+0.2
−0.1.
• L46: Disk luminosity per 10
46
erg/s: L46 = Ldisk/(10
46
erg/s).
• γj,5: Jet's Lorentz boost fator, divided by 5. It is assumed to be γj,5 = (6± 2)/5.
• u3: Ratio between the total energy density in the jet and the magneti energy
density, divided by a fator three. It is set to u3 = 1 [Falke et al. (1995)℄. Note,
again, that this ts the observations best.
• ξ = 0.15: Fit parameter resulting from the ansatz that the bulk proper veloity de-
pends on the aretion rate and thus on the disk luminosity, see [Falke and Biermann
(1995)℄.
• iobs = 1/γj = 1/6: angle between observer and jet axis. The angle is taken to be
1/γj , beause this is the maximal boosting range and has a solid angle in whih
optimal boosting ours. We use for simpliity the same angle for all soures: In a
more rened model obviously isotropy should be used, but then mediated by the
seletion eets, whih strongly favor small angles, as are used here.
• D = 1γj (1−βj cos iobs)
−1 ≈ 6: Doppler fator. In this alulation, the Doppler fa-
tor is assumed to be the same for all soures. A variation of the Doppler fator with
the soure luminosity has been disussed - for an example see e.g. [Falke et al.
(1995)℄. However, sine there is no well-founded model to apply individual Doppler
fators so that a onstant fator has to be used as an approximation.
Finally, the jet-disk symbiosis an be used to express the generi neutrino
energy spetrum in terms of the radio luminosity in units of 1042 erg/s. The
result at a luminosity of L42 = 100 with varying spetral index is shown for
steep spetrum soures in Fig. 4 and in Fig. 5 for at spetrum soures. The
power law derease an be observed up to a ut energy at Eν ∼ 10
9
GeV,
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Fig. 4. Energy dependene of the generi
AGN neutrino spetrum of steep spe-
trum soures. The normalization is de-
pendent on the partile index p, shown
for p = 2.0, 2.2, 2.4, 2.6. The radio lu-
minosity is assumed to be L42 = 100.
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Fig. 5. Energy dependene of the generi
AGN neutrino spetrum at spetrum
soures. The spetrum is shown at
L42 = 100 and for three dierent parti-
le indies, p = 1.25, 1.50, , 1.75, 2.0.
where synhrotron losses of the neutrino-produing pion start to show as well
as the exponential uto of the spetrum.
4 Integration limits
The integration over the luminosity has to be performed before the redshift
integration, sine the lower luminosity limit impliitly depends on the redshift.
The limits for the z-integration are taken to be
zmin=0.03
zmax=6 .
The minimum of the z-integration is given by the fat that the ux is assumed
to be diuse. For z < 0.03, a ontribution from the supergalati plane is
expeted as will be disussed in setion 5. The maximum redshift is taken
to be z = 6, sine the total z dependene dereases rapidly with redshift
and any ontribution above zmax an be negleted as an be seen in Fig. 6
(steep spetrum soures) and Fig. 7 (at spetrum soures). Up to z = 6, the
onsisteny of the used models is ensured, sine AGN have been deteted up
to redshifts of z ≈ 6.4 [Willott et al. (2003)℄.
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Fig. 6. Neutrino ux with variation of
the upper redshift integration limit zmax
for steep spetrum soures. The neu-
trino energy is set to E0ν = 10 GeV
while the partile index is varied as
p = 2.0, 2.2, 2.4, 2.6.
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Fig. 7. Neutrino ux with variation
of the upper redshift integration limit
zmax for at spetrum soures. The neu-
trino energy is set to E0ν = 10
8
GeV
while the partile index is varied as
p = 1.25, 1.50, 1.75, 2.00.
The maximum radio luminosity limit is taken to be Lmax42 = 10
4
. Fig. 8 (steep
spetrum soures) and 9 (at spetrum soures) show the dependene of the
ux at z = 2 and E0ν = 10
8
GeV (at) respetively E0ν = 10 GeV. The
ontribution is negligible for L42 > 10
3
in the ase of steep spetrum soures
and for L42 > 10 in the ase of at spetrum soures. This shows that most of
the ontribution to the at spetrum neutrino ux omes from soures with
moderate luminosities, L42 < 10. The highest ontribution to the at spetrum
neutrino ux omes from soures with luminosities around L42 ≈ 300− 1000.
The lower radio luminosity limit depends on the following fats:
(1) The absolute lower limit: For the model of extended soures, the jet-disk
symbiosis is developed for FR-II galaxies and the absolute lower limit,
Ls42,min, is given by the lower luminosity limit for FR-II galaxies whih
is given as L0.178 ≈ 2.5 · 10
26
W/Hz with an integral radio luminosity of
approximately Ls42,min = 10. The sample of at spetrum soures, on the
other hand, ranges from 10−1.5 < Lf42 < 10
4
and the absolute lower limit,
Lf42,min is thus L
f
42,min = 10
−1.5
.
(2) The maximum proton energy whih an be produed by an AGN is on-
neted with the disk luminosity aording to Lovelae (1976):
Emaxp = C
′ ·
√
L46 (8)
up to a luminosity of L46 ≈ 1, where the relation saturates,
Emaxp = C
′ . (9)
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Fig. 8. Variation of the steep spetrum
soure neutrino ux with the upper in-
tegration limit, using dierent spetral
indies, p = 2.0, 2.2, 2.4 and 2.6. The
redshift is arbitrarily taken to be z = 2,
the energy is set to E0ν = 10 GeV. The
ux normalization is saturated at ap-
proximately Lmax ≈ 10
3
.
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Fig. 9. Variation of the neutrino
ux (at spetrum soures), using
p = 1.25, 1.5, 1.75 and 2.00. The
redshift is hosen to be z = 2 and the
energy is set to E0ν = 10 GeV. Soures
at L > 10 do not ontribute signiantly
to the ux.
The result is supported by the jet-disk symbiosis model, see [Falke and Biermann
(1995)℄. Taking the highest observed energy so far, Ep ≈ 10
21
eV and the
maximum luminosity, Lmaxdisk = 10
47
erg/s, the onstant C ′ is determined
to be C ′ = 1011.5GeV. When the jet-disk symbiosis model by Falke et al.
is used and the ratio between Ep and Eν taken to be 20/1, the maximum
neutrino energy is orrelated to the radio luminosity due to the non linear
relation between radio and disk luminosity,
Emaxν = C · L
β
42 .
This numerial relation is onsistent with inserting all known parameters
for the radio galaxy M87. C and β are given by the orresponding rela-
tions between disk and radio luminosity for at or steep spetrum soures
and are listed in table 3.
Therefore, the lower luminosity limit of an AGN ontributing to a ertain
ux at a xed neutrino energy is
Lmin42 = max{L
s/f
42,min,
(
Eν
C
)1/β
} . (10)
The ontribution to the ux for an energy orresponding to a lumi-
nosity exeeding Ldisk = 10
46
erg/s, that is energies of Eν = C
′/20 =
15
C [GeV℄ β Ecutν [GeV℄
steep 2.2 · 1010 · (1 + z)−1/4 1/3 ∼ 5 · 109(z = 2)
at 7.5 · 109 0.3935 ∼ 2 · 108
Table 3
Parameters for the determination of the lower luminosity integration limit.
1011.5 GeV≈ 2 · 1010 GeV is insigniantly small.
Sine the RLF is dereasing with luminosity, the energy spetrum will steepen
from that energy on, when the luminosity-energy relation exeeds the value of
the absolute luminosity limit,
(
Eν
C
)1/β
≥ L
f/s
42,min. This is the ase for an energy
Ecutν /GeV ≈ (L
s/f
42,min)
β · C/GeV (11)
in the omoving frame. The ut energies for the two models are given in table 3.
5 Results
5.1 Disussion of the spetra varying the partile index
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Fig. 10. Neutrino spetrum of steep spe-
trum AGN. The partile index is varied
(p = 2.0, 2.2, 2.4, 2.6).
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Fig. 11. Neutrino spetrum of at spe-
trum AGN for dierent partile indies
p = 1.25, 1.50, 1.75, 2.00.
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The nal steep spetrum soure ux is shown in Fig. 10. The spetrum is
presented for four dierent partile indies, p = 2.0, 2.2, 2.4, 2.6. Here, p = 2
is a ommonly used value in literature and p = 2.6 has been omputed in
setion 2 from the spetral index at 2.7−5 GHz for the steep spetrum popu-
lation. The spetrum dereases as a power law up to a ut energy at approxi-
mately 109 GeV. At higher energies, the spetrum is falling more rapidly due
to pion synhrotron loss eets and the exponential uto of the spetrum.
For a partile index of p = 2, the ux is approximately
E2Φs ≈ 10−7GeV/(s sr m2)
for one neutrino avor. This is very lose to the urrent neutrino ux limit de-
rived from the observed atmospheri muon and anti muon neutrino spetrum
E2Φ < 2.6 · 10−7GeV/(s sr m2)
at energies around 300 TeV [Woshnagg and AMANDA Collaboration (2004)℄.
The at soure neutrino spetrum is shown in Fig. 11 with a spetral index of
p = 1.25, 1.50, 1.75 and 2.00. The ut energy lies at E ∼ 109 GeV as disussed
before. Values p 6= 2 are shown as a omparison, the nal result will be given
for p = 2 as indiated by diuse shok aeleration. For p = 2, the ux is
E2Φf ≈ 10−9.2GeV/(s sr m2)
for one neutrino avor. This is about two orders of magnitude lower than the
predition for steep spetrum soures.
5.2 Disussion of Unertainties
Apart from the lak of knowledge of the exat optial depth, the alulation of
the neutrino ux Φ bears unertainties ∆Φ beause of two reasons: It is still
a hallenging task to make a preise predition of the objets' redshift. Thus,
the RLFs inlude high unertainties for very distant objets. Nevertheless,
the funtions are quite well known up to a redshift of z ≈ 2. Sine objets
at a higher redshift do not ontribute signiantly to the diuse neutrino
spetrum, the error due to unertainties in distane measurements will be
negleted ompared to unertainties in the jet-disk symbiosis model.
The jet-disk symbiosis model agrees with the data when allowing a sattering
of a fator of three in a Lradio(Ldisk) graph. This transfers to an unertainty of
∆φν = 0.78 ·φν , that means the an unertainty of a fator ∼ 2 towards higher
and a fator ∼ 5 towards lower uxes. The spetrum for at spetrum soures
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Fig. 12. AGN νµ+νµ neutrino spetrum
with an index of p = 2. The at
spetrum soures (dotted line) do not
ontribute signiantly ompared to
the steep spetrum population - the
solid line represents the sum of at
and steep spetrum soures whih does
not dier from the result for steep
spetrum soures. The data points
result from unfolding the AMANDA
neutrino spetrum. They follow the
onventional atmospheri neutrino
spetrum (dashed lines) and an upper
limit is derived as is indiated in the g-
ure [Woshnagg and AMANDA Collaboration
(2004)℄.
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Fig. 13. AGN νµ+νµ neutrino spetrum
with an index of p = 2.6 for steep
spetrum soures and p = 2.0 for at
spetrum soures. The steep spetrum
soures (dot-dashed line) make up
most of the spetrum at lower energies
(Eν > 10
6
GeV). The at spetrum
soures (dotted line) dominate the
total spetrum (solid line) at energies of
Eν > 10
6
GeV. A signal that exeeds the
atmospheri ontribution is expeted
starting at Eν ≈ 10
8
GeV.
inludes an unertainty of ∆φfν = 0.9 · φν whih means a fator of ∼ 2 above
an a fator of 10 below the predition.
Unertainties due to the hosen osmology would result in another fator of
two in the hange of the normalization.
Sine the maximum energy of the spetrum depends on the disk luminosity
whih is onverted into a radio luminosity using the jet-disk symbiosis model,
the uto may hange by an order of magnitude at most.
5.3 Disussion of a soure ux from the supergalati plane
It has been stated before that the alulations inlude soures at z > 0.03
to exlude possible anisotropies from the supergalati plane. In the following
paragraph, a possible ux from the supergalati plane will be disussed. Note
that this is just to make an estimate of a possible ontribution from nearby
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soures and that nal results do not inlude soures at z < 0.03. Assuming
that the ontribution to the total ux at z < 0.03 is onentrated in the
supergalati plane yields an inrease of the ux by a fator 10 sine the
supergalati plane, [Lahav et al. (2000)℄, overs approximately 10 % of the
sky. The ratio of the diuse steep spetrum ux at z > 0.03 and the ux from
the supergalati plane is of the order
Φsteep(z < 0.03)
Φsteep(z > 0.03)
≈ 0.01 .
Sine this is only some perent of the total diuse ux, it is negligible. For at
spetrum soures, the result is
Φflat(z < 0.03)
Φflat(z > 0.03)
≈ 0.02
and thus also negligible ompared to the ux from outside the supergalati
plane.
5.4 Disussion of the nal spetra
The omparison of the two soure type spetra onsidering only one neu-
trino avor
1
in Fig. 12 shows that the dominant ontribution omes from
steep spetrum soures assuming a partile index of p = 2.0. However, us-
ing p = 2.6 for the steep soure spetrum redues the ontribution from this
sample signiantly as is presented in Fig. 13. The uto in the energy spe-
trum at Eν ∼ 10
9
GeV ours sine the maximum energy for eah single
soure depends on the soure luminosity as shown by Lovelae (1976) and
Falke and Biermann (1995). Thus, the uto energy of the isotropi dis-
tribution depends on the soures' luminosity distribution. The atmospheri
neutrino spetrum (dashed lines) dominates the spetrum up to energies of
∼ 107 GeV.
The maximum optial depth of the soures an be estimated by assuming that
the ontribution of the alulated spetrum has to be smaller than the limit
set by AMANDA mentioned above. Thus, in ase of an E−2 spetrum for steep
spetrum soures, the optial depth an be restrited to τeff < 2. This fator
will grow signiantly when using an E−2.6 spetrum, i.e. τeff < 1000. For at
spetrum soures, an eetive opaity of τeff < 400 an be estimated.
1
The total ux is divided by a fator of three, taking into aount neutrino osil-
lations.
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A omparison of the results using two dierent spetral indies for the steep
spetrum soures makes lear how muh the total ux ontribution depends
on the spetral index of the soures. Changing the spetral index from p = 2.0
to p = 2.6 redues the ontribution from the soure sample by two orders of
magnitude. In the pessimisti ase, the detetion of a signal from these types
of AGN will require an array like IeCube or Auger whih are sensitive to
UHE neutrinos at ∼ 1019 eV. In the ase of an E−2 spetrum the detetion of
a diuse signal should be possible in the near future. Fig. 14 shows a summary
of various extragalati neutrino ux preditions, see [Learned and Mannheim
(2000)℄ for a review. In the usual E−2 senario, the AGN spetrum should be
detetable in the very near future, presumably already by running neutrino
experiments like AMANDA. If the spetrum is steeper, however, it has been
shown that a detetion of a signiant neutrino signal from AGN would need
some years of operation of a km
3
experiment like IeCube.
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Fig. 14. νµ + νµ neutrino ux preditions. (1) and (2) are the predi-
tions done in this paper, BBR(I) using p = 2.6 for the steep spetrum
soures, BBR(II) applying p = 2; (3): p γ interations, MPR [Mannheim et al.
(2001)℄; (4): M [Mannheim (1995)℄, p γ in blazar and p p in its host galaxy; (5):
RB [Rahen and Biermann (1993)℄, p γ; (6): WB [Waxman and Bahall (1999)℄, dif-
fuse neutrino ux from GRBs, assuming that GRBs are the soures of osmi rays
at E > 1019 eV. The dashed lines indiate the atmospheri neutrino spetrum a-
ording to Volkova and Zatsepin (1980), the upper line representing the horizontal
ux, the lower line showing the vertial ontribution. The dotted lines represent a
model for the atmospheri harm ontribution as predited in [Martin et al. (2003)℄.
The unertainties in the model our due to larger errors in measurements of the
Björken variable in forward sattering. Data points are AMANDA data showing the
unfolded spetrum of 2000 data. It follows the atmospheri predition. The limit on
the extraterrestrial neutrino ux is set based on the data from the last bin of the
unfolded spetrum [Woshnagg and AMANDA Collaboration (2004)℄.
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